Abstract Fouling control coatings (FCCs) and irregularities (e.g., welding seams) on ship hull surfaces have significant effects on the overall drag performance of ships. In this work, skin frictions of four newly applied FCCs were compared using a pilot-scale rotary setup. Particular attention was given to the effects of coating water absorption on skin friction. Furthermore, to investigate the effects of welding seam height and density (number of welding seams per five meters of ship side) on drag resistance, a new flexible rotor was designed and used for experimentation. It was found, under the conditions selected, that a socalled fouling release (FR) coating caused approximately 5.6% less skin friction (torque) over time than traditional biocide-based antifouling (AF) coatings at a tangential speed of 12 knots. Furthermore, results of immersion experiments and supporting ''standard'' water absorption experiments showed that water absorption of the FR coating did not result in any significant impacts on skin friction. On the other hand, water absorption was found to actually lower the skin friction of AF coatings. This may be attributed to a smoothening of the coating surface. The effects of welding seam height and density on drag resistance were found to be substantial when welding seam height is above 5 mm, especially at high tangential speeds (above 15 knots). Using an interpolation approach, the pilot-scale welding seam drag data could be used to estimate the drag resistance at approximated full-scale conditions, equivalent to about one welding seam per five meters of ship side. It was shown, in this case, that the contribution of welding seams to ship skin friction could very well be less significant than those of FCCs when the welding seam height is below 5 mm, a representative value for full-scale welding seam height.
Introduction
Marine biofouling is known as the undesirable accumulation of marine species, such as bacteria, algae, slime, seaweed, barnacles, and tubeworms, on any surfaces immersed into seawater. It has long been a global challenge, in particular for the naval industry, because of both economic and environmental issues.
Drag resistance has been studied since the 1970s [7] [8] [9] [10] [11] and recently reviewed. 12 Previous investigations related to drag resistance have been mainly focused on evaluation of drag penalties, 13 prediction of drag resistance, 14 and drag characterization methods. 8, 11, 15, 16 Among all, prediction of drag resistance is still a crucial topic. 14, 17 The total drag resistance for a marine vessel is composed of three parts. The major part is skin friction, which accounts for 70-90% of the total drag resistance for slow trading ships (e.g., tankers) and typically less than 40% for faster trading ships (e.g., container ships). 12 The remaining part is primarily attributed to wave and eddy formation, the so-called residuary resistance. Air resistance, above the waterline, normally constitutes a minor portion of the total drag resistance, often 2% or less for slow trading ships and 10% or less for faster trading ships. 18 Schultz reported that the hull conditions, including coating roughness and biofouling, have direct effects on skin friction, while the influence on residuary resistance is negligible. 19 To prevent biofouling, a large number of potential methods have been investigated (see, e.g., Swain 20 , Callow 21 ). However, so far, the most successful approach has been to apply FCCs to underwater ship hull surfaces. Two major fouling control coating technologies have been developed over the years. The conventional biocide-based antifouling (AF) coatings release active compounds into seawater in a controlled manner, whereas the so-called fouling release (FR) coatings, which possess low surface energy, flexible mechanical properties and have smooth surfaces, minimize the adhesion between marine organisms and coating surface so that the marine organisms can be removed by hydrodynamic forces during sailing or an occasional scrubbing. Their developing history and working mechanisms have been described in previous reviews 3, 4, 6 and will not be discussed in detail here. Recent findings on fouling control technologies are provided by, e.g., Oikonomou et al., 22 and Yonehara et al. 23 The newly applied FCC surface roughness is of primary importance to the drag performance of marine vehicles, and the effects of coating surface roughness on skin friction have been investigated in previous studies 8, 24 and detailed by Schultz and co-workers. 19, 25, 26 Schultz et al. 2 also reported that skin friction can account for 90% of the total drag resistance when the coating surface is still free of fouling. Therefore, it is of great interest to compare the effects of surface roughness of different newly applied FCCs on skin friction. Few relevant works have been published so far. Lindholdt et al.
14 mentioned that the skin friction difference is significant. Moreover, from ship owners, we have been informed that fuel consumption differences between two FCC technologies have been observed: Ships applied with FR coatings consume less fuel than those with AF coatings, and the effect can last for months until biofouling growth becomes decisive for the fuel consumption. Therefore, in this work, the skin friction among different newly applied FCCs will be compared and the influence of the difference will be evaluated economically.
Meanwhile, it is important to point out that water absorption of FCCs is inevitable. Consequently, the drag performance of FCCs may be affected by water absorption of the coating film. However, no relevant studies have been reported so far. Therefore, to verify the hypothesis, the effects of water absorption of newly applied FCCs on skin friction will be investigated in the present work by conducting both immersion experiments and ''standard'' water absorption experiments. From the immersion experiments, the effects of coating surface roughness of two FCC technologies on skin friction can be compared.
Another source of drag resistance is large surface irregularities formed on ship hull surfaces during the ship construction process. Compared to the effects of coating surface roughness on skin friction, large surface irregularities may affect drag resistance more significantly in a different way. An investigation by Weinell et al. 11 showed that the contribution of hull coatings to skin friction is negligible compared to large surface irregularities. Therefore, it is important to compare the contribution of coating surface roughness to the overall drag resistance with that of large surface irregularities. One common surface irregularity is welding seams which are normally formed on the ship hull surfaces when two steel plates are welded together, typically ending up with irregular shapes, even though welding seams are constructed according to different standards. The quality of welding seams varies, mainly depending on the welding seam height (from 3 to 9 mm) and welding seam density on the ship hull surfaces. Previously, the effects of welding seam height on drag resistance have been investigated using an approach of computational simulation. 27 However, no experimental work has been reported so far. Therefore, in the present work, the effects of both welding seam height and density on drag resistance will be studied through an experimental approach. The effects of coating surface roughness on drag resistance will be compared to those of welding seams.
Experimental equipment for estimating drag resistance was summarized in the review by Lindholdt et al. 12 Setups with rotating cylinders have been used to estimate drag resistance 9, 11, 14, 28 and will also be used in the present work. One of the main hypotheses is that the rotary setup is sensitive enough to small surface roughness changes so that the corresponding changes in skin friction of different FCCs, after water immersion, can be estimated and compared. The biofouling process will not be part of this work, and only welding seam perpendicular to the water surface was considered because the horizontal welding seams have less significant effects on drag resistance.
Experimental setup
All drag resistance investigations were performed using a pilot-scale rotary setup as shown in Fig. 1 (left), which contains two concentric cylinders with the inner cylinder rotating. The purpose is to create a close approximation to Couette flow between two parallel walls of the two cylinders. In this case, one wall moves at a constant velocity and the wall shear stress is comparable to that of a real ship. 29 For further details on the setup, see Weinell et al. 11 and Lindholdt et al. 12, 14 In the present investigation, fouling control coating samples were applied to the outer surface of cylindrical rotors as shown in Fig. 1 (middle) . Subsequently, the coated rotors were mounted onto the shaft of the rotary setup and then immersed into a tank (the diameter of the tank is 0.82 m) containing 600 L of artificial seawater, following the preparation method descried by Lyman and Fleming. 30 This method was chosen as it is one of the most widely used recipes for artificial seawater. Demineralized water was added every week to the tank to compensate for water evaporation. A KEB frequency converter (type 12.F4.S1EÀ3440) was used to adjust the rotation speed. Due to heat generated from rotation of the rotor, the temperature of the seawater may increase, and this was avoided using water bath cooling. Isothermal conditions were attained by a cold water bath which is connected to a spiral pipe mounted near the inside wall of the tank. A torque sensor installed on the shaft recorded the torque values generated during the rotation. These values were used to estimate the drag resistance.
Torque measurements have been used to estimate drag resistance of objects and surfaces since the 1970s. 12, 15 The conversion from values of torque to skin friction coefficients can be done using equations for wall shear stress, and an assumption of torque values being directly related to the wall shear stress. 14 Therefore, even though no actual towing tank (''drag'') experiments were done in this work, we use the term ''drag resistance'' when we discuss the results.
Due to the fact that it was not possible to correct for the contribution to the torque from top and bottom surfaces, the outer shaft surface, and the presence of bearings for the welding seam rotor (introduced below), the total torque only was measured and later presented. This means that relative comparisons are possible. However, the absolute drag (torque) values for the individual coatings and welding seams cannot be extracted.
Flexible cylinder
A flexible cylinder as shown in Fig. 1 was used as reference. The artificial welding seams were attached to the cylinder via grooves cut into the cylinder and with two fixation bolts at each end. A maximum of eight welding seams can be used on the cylinder. The materials of the flexible cylinder and the artificial welding seams are polyoxymethylene and polyvinyl chloride (PVC), respectively.
The flexible rotor allows investigating the effects of both welding seam height and density on drag resistance. Basically, the density of the welding seams was controlled by the number of welding seams mounted on the outer cylinder surface. For reasons of balance, the number of welding seams on the rotor could be 0, 2, 4, 6, and 8, corresponding to welding seam densities of 0, 10, 20, 30, and 40 welding seams per 5 m ship side, respectively. The unit for welding seam density was chosen for convenience of comparison between laboratory scale and full scale. The aforementioned welding seam densities (except zero) are much higher than that on full-scale ships (typically one welding seam per 5 m ship side) because the welding seam density is limited by the relative short circumference of the cylinder. However, as it will be further discussed in the results and discussion section, it is possible to interpolate between data points to find the relevant full-scale drag resistance values. Note that the welding seam density in the ship bow region can be high with 2-3 welding seams per 5 m.
The somewhat irregular welding seams found on real ship hull surfaces were approximated by an arc shape as shown in Fig. 1 (right). It was assumed that the welding seams on the flexible rotor do not affect each other and that the cylindrical geometry has no effect on drag resistance (relative to flat plate geometry as on ships). The latter assumption is reasonable as discussed in Lindholdt et al. 12 However, the former is questionable when going to high welding seam densities 31 and will be discussed further in a later paragraph. During the experiments with welding seams, no coating was applied on the flexible cylinder surfaces.
Materials and experimental procedures

Seawater immersion experiments
Four commercial fouling control coating formulas were investigated, as listed in Table 1 , with the purpose of comparing two fouling control coating technologies (AF and FR coatings) and investigating the effects of water absorption on skin friction using the pilot-scale rotary setup. Hempaguard X7 acts as a FR coating, while the other three are AF coatings. In all coatings used, xylene was the main solvent. Acrylic binders and rosins were used in three AF coatings. Besides, three AF coatings contain bioactive pigments (mainly cuprous oxide) and coloring pigments (mainly iron oxide). Hempaguard X7 contains silicone as binder and a small amount of copper pyrithione as bioactive pigment. The sample of Hempaguard X7 was composed of two layers of coatings, one layer of tie coat followed by one layer of silicone topcoat. The sample of Dynamic was comprised of one layer of tie coat followed by two layers of antifouling topcoat. Globic 9000 and Olympic+ included one layer of tie coat and one layer of antifouling topcoat. The temperature was controlled by the water cooling bath and fluctuated ±2°C during the experiments. It was assumed that the temperature fluctuation was too small to affect the measurements.
The four fouling control coating samples were sprayed (airless) manually on four PVC cylinders by the same person and left to dry at room temperature. The immersion started after they were fully dried/ cured (approximately 1 week). Once immersed, the initial skin frictions were measured immediately and their torque values at various tangential speeds were obtained. After the first measurement, each sample was measured almost once per day in the first week. Afterward, each sample was measured every 2 or 3 days. All the rotors were immersed statically and rotated only when measurements took place. Notice that only one cylinder for each coating was prepared and at least three repetitions were done for each coated cylinder to obtain standard deviations for the daily measurements.
''Standard'' water absorption experiments
Water absorption experiments were conducted for samples Hempaguard X7, Dynamic, and Globic 9000. The coating samples of Dynamic and Globic 9000 were applied on polycarbonate panels without primer by a doctor blade applicator. The sample of Hempaguard X7 was applied with a primer. The gap of the applicator blade used was 300 lm for all samples. Afterward, for the Dynamic and Globic 9000 coating Hempaguard X7 89900 (FR) 400 ± 1 2 0 ± 2 4 9 Hempel's Antifouling Dynamic 79580 (AF) 400 ± 1 2 0 ± 2 4 9 Hempel's Antifouling Globic 9000 78900 (AF) 400 ± 1 1 9 ± 2 5 0 Hempel's Antifouling Olympic+ 72900 (AF) 400 ± 1 1 9 ± 2 5 0 samples, the panels were dried for 24 h at room temperature followed by 72 h at 45°C; for the Hempaguard X7 coating sample, the panel was dried for several days at room temperature followed by 72 h at 45°C. For each coating formula, three replicates were conducted. A blank panel was used as reference because the panel itself absorbs water. Artificial seawater (the same as used in the above-mentioned immersion experiments) was used for all the experiments. The temperature used for absorption was 23°C, and for desorption, it was 60°C. The principle of the water absorption experiments is to weigh the panels regularly to calculate the water uptake. It should be noticed that soluble ingredients in AF coatings (e.g., cuprous oxide) will dissolve and be released during the immersion. All the panels were immersed statically for 28 days in total and weighed once per day in the first 3 days. After 1 week, the coated samples were weighed only once a week. For convenience of comparison, the unit of the water absorption was taken as g/(m 2 of coating).
Welding seam experiments
To determine the effects of welding seam height and density on drag resistance and compare with the effects of FCCs, a series of welding seam experiments were performed using the new flexible cylinder with the pilot-scale setup (Table 2) . For each welding seam height experiment, 2, 4, 6, and 8 welding seams were attached to the flexible cylinder and studied individually. Nonused empty grooves were filled with welding seams of zero mm height as shown for one of the seams in Fig. 1 (right) . For welding height of zero mm, all 8 welding seams must be attached. For verification, the original intact cylinder with a smooth surface before cutting was also measured at each speed. The differences between the intact cylinder and the cylinder with 8 welding seams of zero mm are the joint lines after welding seams are mounted into grooves.
For each experiment, various tangential speeds were applied up to 20 knots and three repetitions were performed at each speed. Note that speed indications refer to tangential speeds rather than ship speeds. The Reynolds number for approximated Couette flow at 20°C was calculated based on the equation described by Arpaci and Larsen 32 and found to be 59,810 for 100 RPM (corresponding to a tangential speed of 1.57 m/s or 3.05 knots). Therefore, the flow is turbulent. 33 The gap between the parallel walls of the two cylinders is 40 mm which is relatively small considering the highest welding height of 9 mm. For further validation, the effects of FCCs measured under approximated Couette flow condition were compared with experiments performed in the absence of the outer cylinder (Table 3) , in which case the distance from the tank wall to the cylinder wall was 0.26 m.
Results and discussion
In this section, the transient effects of water absorption of FCCs on skin friction are presented and discussed. In addition, skin friction of two commercialized fouling control technologies is compared at newly applied coating conditions. Furthermore, the effects of welding seam height and density on drag resistance are demonstrated and discussed. Finally, the effects of welding seams and FCCs on drag resistance are compared at full-scale conditions.
Seawater immersion experiments and ''standard'' water absorption experiments
To investigate the effects of water absorption of FCCs on skin friction and compare the skin friction of two commercialized antifouling technologies, seawater immersion experiments and ''standard'' water absorption experiments were conducted. Results of the seawater immersion experiments are shown in Figs. 2 and 3 and those of water absorption experiments in Fig. 4 . Each data point is the average of three replicates, and the standard deviations from the three replicates are indicated by the error bars shown in Fig. 4 . The standard deviations represented by error bars as shown in Figs. 2 and 3 are from repetitions of the torque measurements. Figure 2 shows that Hempaguard X7 gives a smaller torque than Dynamic and the average torque value of Hempaguard X7 over time (around 5.1 Nm) is approximately 5.6% less than that of Dynamic (around 5.4 Nm) at a tangential speed of 12 knots. Therefore, it can be roughly estimated that in real-life conditions, newly applied FR coatings cause less skin friction than newly applied AF coatings at the same sailing speed, which is also in agreement with observations from Lindholdt et al. 14 and Mirabedini et al. 34 Furthermore, it can be seen in Fig. 2 that the torque values of Hempaguard X7 did not vary significantly during immersion despite some fluctuations. On the other hand, the water absorption amount of Hempaguard X7 is substantial, as shown in Fig. 4 . Therefore, it can be inferred that although water absorption of newly applied FR coatings occurs, the surface of FR coatings will not be subjected to prominent changes and the skin friction will not be significantly affected. However, a torque drop (around 0.3 Nm) is observed during the first five immersion days for the three AF coating samples as shown in Figs. 2 and 3 . This can be seen as a self-smoothening process. Meanwhile, the amount of water absorption of the AF coatings was found to be prominent in the first week of immersion as shown in Fig. 4 . Therefore, we believe that water absorption most likely acted as the trigger for the reduction in torque. Water absorption may cause swelling of the wetted coating surface, which may smooth the initial surface imperfections. Another possible reason could be that water absorption triggers the polishing process, as explained below, and that the polishing can have a higher impact on the more exposed areas.
After immersion, water will penetrate into the AF coating film and soluble compounds of AF coatings will be gradually dissolved and released into water. Hence, the increasing amount of absorbed water in the first week of immersion observed in Fig. 4 may be attributed to the water absorption amount being accumulated faster than the release of soluble compounds. After 1 week, the paths inside the coating film available for water to penetrate are saturated, and therefore, further water absorption stops. Water absorption and the release of soluble compounds may equilibrate.
Furthermore, after the release of the soluble compounds from the AF coating film, a porous leached layer will be formed gradually at the coating water interface. 28 During the rotation in the immersion experiments, the leached layer formed may be polished away if sufficiently vulnerable because of the velocity dependency. 29, 35 After polishing, a new front layer will be exposed to seawater. No polishing is expected in the ''standard'' water absorption experiments because the samples were immersed stagnantly in seawater.
As mentioned earlier, Hempaguard X7 contains a small amount of biocides which have extremely low solubility in artificial seawater where the samples were immersed. Consequently, most of the biocides in Hempaguard X7 will not dissolve during the experimentation period. That is one of the reasons why it has higher water absorption compared to the two AF coatings as shown in Fig. 4 . However, the main reason for the big difference in water absorption is a distinct difference in the binders and generic technologies between FR and AF coatings. After the first week of immersion, Hempaguard X7 reached the maximum water absorption (saturation), and no further water ingress took place.
Welding seam experiments
To determine the effects of welding seam height and density on drag resistance and compare with the effects of FCCs, a series of welding seam experiments were performed using the flexible cylinder. The results are shown in Figs. 5, 6, 7, 8, 9, 10, 11, and 12 . Each data point is the average of three replicates, and the standard deviations from the three replicates are indicated by error bars shown in Figs. 5, 6, 7, 8, and 10; however, note that most error bars are too small to be seen.
Two experiments were performed for a welding height of zero mm to allow comparison with a smooth reference and to evaluate any effects on drag resistance of the new joint lines after the welding seams were mounted into the grooves. The first experiment was conducted using the intact rotor before the grooves were cut, and the second was performed using the rotor after mounting eight welding seams with welding height of zero mm to the grooves. The results of the two experiments are shown in Fig. 5 .
It can be seen in Fig. 5 that the torque values are nearly the same in the two experiments when the tangential speed is within the range of 5-15 knots, while some deviations are evident at higher speeds. Therefore, the rotary setup is sensitive to very small surface changes. Furthermore, the impact of surface obstacles on torque becomes more significant at high speeds.
The effects of welding height on torque measurements are shown in Fig. 6 . Clearly, torque values increase when the welding height and the tangential The effects of welding seam density on drag resistance were studied as well, and the results are shown in Fig. 7 for a welding height of 9 mm (left) and 3 mm (right). Density is seen to have a strong influence on the torque values, especially at high speeds. Furthermore, when the welding height is 9 mm, the effect of welding seam density is most significant when welding seam density is increased from 10 to 20 welding seams per 5 m, which is also shown in Fig. 8 . However, when the welding height is decreased to 3 mm, the incremental of torque is consistent when the welding seam density is increased linearly. This can be explained by the welding seams interacting with each other as the seam density is increased. When the welding seam height is 9 mm, there is a clear ''shielding effect'' (i.e., each welding seam shields the one behind it). When the welding height is decreased to 3 mm, the ''shielding effect'' is weakened. Therefore, the aforementioned assumption that the welding seams do not affect each other is not very important when the welding seam height is £ 5 mm.
To obtain torque values estimating typical full-scale conditions, the data from intersects the different curves. This was also done for welding heights of 3 and 5 mm, and the interpolated data are shown in Fig. 9 . The effects of welding seam height on torque are not significant when the height is below 5 mm, which is consistent with the results shown in Fig. 6 . If the welding seam height is decreased from 9 to 5 mm, the torque value is decreased 8.4% at a tangential speed of 20 knots.
It should be noted that this interpolation approach can only give a crude and qualitative estimate of the full-scale values. A quantitative approach requires the same geometry of the object (cylindrical or flat ship side) and a similarity analysis that ensures the same flow conditions over the surface. It is not possible to exactly meet those requirements with the cylindrical rotary setup. As discussed previously for Fig. 7 , the assumption of individual welding seams not affecting the flow around other seams becomes questionable when the welding seam density is increased to high numbers. This could be the reason why the slopes of the lines in Fig. 8 start to decrease from somewhere between 10 and 15 seams/ (5 m). Interaction effects should lead to less friction because the seams ''shield'' each other. However, this was not investigated any further because the most interesting part of the plot is the approximated fullscale conditions at very low seam density.
Experimental data for the case where the outer cylinder was absent are compared with those where the outer cylinder was present in Figs. 10 and 11. Figure 10 shows that the torque values of all welding seam heights are increased after removing the outer cylinder, which is most likely due to a stronger turbulence effect. The flow is now far from Couette flow, and the rotation speed could not exceed 16 knots for the 9 mm case because of prohibitive turbulence levels. Consequently, the interpolated torque values of all welding seam heights at full-scale welding seam density are increased as shown in Fig. 11 , especially at high speeds.
Comparison of effects of coatings and welding seams on drag resistance
To compare the effects of welding seams and FCCs on drag resistance, torque values at a tangential speed of 12 knots are summarized in Fig. 12 . Data points for FCCs were estimated from the results of immersion experiments. It can be seen that at full-scale welding seam density, the torque values of all cylinders with FCCs are higher than those of smooth cylinders with welding seams when welding seam height is below 5 mm. Furthermore, when welding seam height is 9 mm, the torque values of all cylinders with FCCs are still equal to or higher than that of the smooth cylinder with welding seams except for Hempaguard X7. Therefore, considering that the welding seam height is normally not above 5 mm, when following the European shipyard standard, both AF coatings and FR coatings will cause more drag resistance than welding seams at full-scale conditions. This is a consequence of the larger surface area taken up by coatings relative to welding seams. Notice that the torque values of FCCs were estimated from the immersion experiments at one speed only and further evidence at other speeds is needed for a more detailed analysis.
Conclusions
In the present work, the effects of water absorption of FCCs and the presence of welding seams on drag resistance have been investigated using a pilot-scale setup with rotating cylinders. The rotary setup was found to be sufficiently sensitive to detect the impact of small changes in surface morphology on the cylinder on drag resistance, and therefore, the differences in drag resistance between two fouling control coating technologies were determined. It was found that the newly applied FR coating, over time, caused approximately 5.6% less skin friction (torque) than the newly applied AF coatings at a tangential speed of 12 knots. This means that ship owners, in the initial period of ship use when the ship hull surface is still free of biofouling, can save fuel by using FR coatings instead of AF coatings. Besides, water absorption amounts for both FR and AF coatings were found to be significant. The effects of water absorption of the newly applied FR coating on skin friction were found to be insignificant and water absorption lowered the skin friction of the newly applied AF coatings, which are crucial for FCCs because they are exposed to seawater for most of their life spans. A flexible rotating cylinder was used to provide crude estimations of the effects of welding seam height and density on drag resistance at approximate ''fullscale'' conditions. It was found that the effects of welding height and density on drag resistance were significant, especially at high speeds. Besides, welding seams could interact with each other. Based on the results obtained, it was suggested that welding seam height should be controlled to less than 5 mm when ships are constructed in shipyards. This will minimize the negative effects from both welding seam height and density, especially for ships scheduled to sail at high speeds (more than 15 knots of tangential speed). Accordingly, considerable economic benefits can be achieved. Furthermore, when welding seam height is below 5 mm at full-scale conditions, FCCs were found to result in a higher drag resistance than that of welding seams at a tangential speed of 12 knots. On real ships, to reduce the impacts of welding seams, these can be ground. The economic savings related to drag reduction from grinding will be significant for welding seams of heights above 5 mm.
